Summary: We studied six different antisera to bovine or porcine parathyrin (parathyroid hormone, PTH), produced in rabbit, guinea pigs, sheep or goat, two of which are commercially available. These antisera were characterized with regard to species specificity, affinity and their ability to identify patients with primary hyperparathyroidism. In this heterologous radioimmunoassay system in which [
Introduction
Human parathyroid hormone (hPTH) 2 ) is a polypeptide consisting of 84 amino acid residues. While the amino acid sequences of positions 1 to 39 and 44 to 84 have been characterized, there remains disagreement over the nature of some residues (1) . The amino acid sequence of parathyrin differs among species, and furthermore, metabolism of this hormone results in the presence of several fragments within the circulation. In man for example, the intact hormone, which has a molecular weight of 9500, represents only a small fraction of the total immunoreactive parathyrin, whereas carboxyterminal fragments of molecular weights from 4500-7500 daltons are present in concentrations 7 to 20 times greater than the intact hormone (3, 4) .
Despite the relative predominance of carboxy-te'rminal fragments, the total concentration of circulating immunoreactive PTH in man is low, usually less than 1 μ §/1. Consequently, sequential saturation is employed in most laboratories to produce an assay system of sufficient sensitivity to detect circulating immunoreactive PTH in normal individuals (5, 6, 7) . As most antisera have been produced against bovine parathyrin (bPTH), the iodinated bovine hormone will probably exhibit a higher affinity for pooled antisera than will iodinated hPTH. Several antigens and antisera for the detection of hPTH are presently available commercially (9, 10) . These substances however, have not been sufficiently characterized with regard to amino acid sequence, species specificity, binding of iodinated bPTH, particularly with respect to iodination damage, affinity, sensitivity for the detection of hPTH in normal individuals, and their ability to identify those patients with primary hyperparathyroidism. Furthermore, prior to this study, the influence of different incubation techniques, specifically equilibrium and sequential saturation or the ability of these antisera to identify patients with primary hyperparathyroidism had not been examined. iodide is diluted with phosphate buffer, 0.5 mol/1, pH 7.4, to a concentration of 1 mCi/10 μΐ (= 37 kBq/10 μΐ); bPTH highly purified (Inolex) is diluted in phosphate buffer 0.06 mol/1, pH 7.4 to 2 Mg/ΙΟ μΐ; Chloramine Τ is dissolved to 10 mg/ΙΟ ml in phosphate buffer 0.06 mol/1, pH 7.4; Sodium metabisulfite: 25 mg/ΙΟ ml in phosphate buffer, 0.06 mol/1, pH 7.4; 10 μΐ 125 iodide is added to 10 μΐ bPTH and the solution is placed in an ice-water bath for 2 min. 10 μΐ of icecold chloramine Τ is then added, followed after exactly 15 s, by 50 μΐ of sodium metabisulfite. The solution is immediately transferred to a 3 cm Pasteur capillary column (CF 1) and eluted with 2 X 1 ml of phosphate buffer, 0.06 mol/1, pH 7.4. The eluate containing free iodide is discarded. 2 X 1 ml of hypoparathyroid serum are pipetted onto the column and fractions containing 10 drops each are collected. 3-4 fractions containing the . radioactive peak are pooled and about 1/4 is placed on a Sephadex G 50 column (100 X 1.6 cm); this column is eluted with pH 3.0 buffer containing 9 g/1 NaCi, 1 g/1 human serum albumin, 50 mg/1 merthiolate; dextran blue is used as marker for the void volume. Fractions containing 4 ml are collected and counted. Radioimmunoassay 35 μΐ of standard consisting of peptide (as indicated) in hypoparathyroid serum or 35 μΐ of patient or control sera are taken up by a diluter and transferred to a microtiter plate. The diluter adds 100 μΐ of phosphate buffer, 0.06 mol/1, pH 7.4, containing 1 g/1 human serum albumin, to determine nonspecific binding (= UB, blank) or 100 μΐ of this buffer containing the antiserum mentioned. The microtiter plates are incubated 48 h at 4°C. Tracer (10,000 cpm = 350 Bq, 20 μΐ, spec. act. about 150 Ci/g = 5.6 TBq/g) is then added by a Hamilton repeating dispenser. After an additional 48 h at 4°C, 100 μΐ of charcoal (50 g/1 Norit A in phosphate b ffer as above) is added by a rapid charcoal dispenser. The plates are incubated for l h at 4°C and centrifuged 10 min X 4000 rpm (r = 17 cm); 200 μΐ of the supernatant are transferred to counting vials and counted for 5 min.
Materials and Methods

Antigens
Results
0
The titers of the antisera were determined by serial dilution (12) . The dilution, at which 1000 cpm (= 35 Bq) are bound specifically, are shown in For the determination of sequence and species specificity, the antisera were first incubated with 1-84 bPTH. The dose-response curves are shown in figure 1.
As can be seen, all antisera recognize 1-84 bPTH. The greatest sensitivity is found with antiserum A VI 2. About 90% of the tracer is displaced from antiserum A VI 2, 40% is displaced from antiserum 211/32, and minor amounts from antiserum Cal and Goat 108. 
Binding of iodinated bPTH
Most investigators use gel-filtration chromatography to separate iodinated hormone from "iodination damage" and free 125 iodide. It is known that different antisera bind more of the iodinated hormone obtained from the increasing or decreasing part of the hormone peak. The behaviour of the six antisera under study towards the iodinated fractions is shown in figure 4 and 5.
Antiserum Goat 108 not only binds the intact hormone peak, but also "iodination damage". The increasing part of the iodinated hormone peak is bound preferentially by antiserum Goat 108 and He 469/VHI. The increasing and decreasing part is bound equally by antiserum 211/ 32, A VI 2 and He 478/11. The decreasing part is bound preferentially by antiserum Cal. Unfortunately, in this experiment ( fig. 4 ) antiserum 211/32 was diluted 1 : 150,000 resulting in less than optimal binding (1 : 100,000 dilution). As can be seen in figure 4 , ajitiserum Goat 108 binds the iodinated hormone very well. Because hPTH is not recognized by this.aritiserum, we subsequently used it for "excess antibody" experiments in which the iodinated hormone peak obtained from the Sephadex G 50 column is tested for maximal binding (determination of tracer quality).
bPTH unfortunately becomes structurally altered during iodination with chloramine T. Only 0.80-0.95 of the "iodinated hormone" peak obtained from gel-filtration is bound when antisenim Goat 108 is added in excess (dilution 1 : 20).
Affinity
The affinity of the six antisera for bovine [
125 I]parathyrin was studied according to Scatchard (13) figure 6 .
The Scatchard analysis shown in Figure 6 was calcuated with regard to a maximal binding fraction of 0.80 (antiserum Goat 108 in excess, diluted 1 : 20, bound only 0.80 of the iodinated hormone). Antisera A VI 2 and Cal displayed a higher bound/free ratio than the other antisera. Antisera Goat 108 and He 478/H (results not shown) had a bound/free ratio lower than He 469/VIII and 211/32. The affinity constant is equivalent to the negative slope. Because different subpopulations of antisera exist (varying slopes) 9 a linear regression analysis was not performed.
According to the Scatchard plot and sequence analysis, antisera A VI 2 and Cal could be useful for the measurement of carboxy-terminal parathyrin-residues. These results however, give no indication of the clinical usefulness of the antisera. This can only be judged from cross reactivity experiments (Fig. 3) obtained from patients with secondary hyperparathyroidism (renal failure) is less suitable for testing the discriminatory power of an antiserum, because in these patients very high parathyrin levels are usually observed and these may be detected even with antisera of medium quality. Therefore, serum parathyrin levels of 30 healthy persons with a normal serum calcium (2.2-2.6 mmol/1) and 30 patients with surgically confirmed primary hyperparathyroidism were measured with all antisera except antiserum Goat 108 (poor cross reaction to hPTH) and He 478/11 (insufficient binding). One patient was excluded because tertiary hyperparathyroidism was misclassified as primary hyperparathyroidism.
The parathyrin concentrations, calculated as pmol/1 (1 pmol/1 is roughly equivalent to 10 ng/1, standard 1-84 bPTH) are plotted as shown for antiserum A VI 2 on figure 7.
In this experiment, circulating parathyrin levels in 16 out of 30 controls were below the limits of detectability of the system. This may be due to use of the tracer three weeks after its iodination. In other experiments, serum parathyrin levels of about 90% of healthy controls are measurable by antiserum A VI 2.
As is shown in figure 7 , the group of patients with primary hyperparathyroidism is well separated from healthy controls. However, by measuring only para- thyrin, three patients with primary hyperparathyroidism are in the upper normal range. The comparison of parathyrin levels of healthy controls and patients with antiserum Cal is shown in figure 8 .
The patients with primary hyperparathyroidism are separated from controls on the basis of serum calcium levels. However, this discrimination is not achieved by measuring parathyrin only. As can be seen, a large overlap between controls and patients occurs. In 15 patients with primary hyperparathyroidism, the concentration of parathyrin is in the normal range. In contrast to antiserum A VI 2, parathyrin levels in four patients with primary hyperparathyroidism are too low for measurement.
The parathyrin concentrations obtained by antiserum He 469/VIII in healthy controls and patients with primary hyperparathyroidism are shown in figure 9 .
Again, a separation of controls from primary hyperparathyroidism is obtained. 23 out of 29 patients with primary hyperparathyroidism could be distinguished from controls by measuring parathyrin. The circulating parathyrin levels of six patients with primary hyperparathyroidism were too low for measurement.
Parathyrin concentrations in healthy controls and patients with primary hyperparathyroidism as studied with antiserum 211/32 are shown in figure 10 . Again, a separation of controls from primary hyperparathyroidism is obtained. 22 out of 29 patients with primary hyperparathyroidism are distinguished from controls by measuring parathyrin alone. The serum levels of seven patients with primary hyperparathyroidism are too low for measurement.
Equilibrium technique
During review of the literature, we were impressed by the fact that the only group using equilibrium conditions for the incubation of tracer and standards or unknown samples, respectively, reports a large overlap of controls and patients with primary hyperparathyroidism (14) . To our knowledge the influence of equilibrium or sequential saturation on the discriminatory power of antisera has not been determined. Therefore controls and patients with primary hyperparathyroidism were measured with two antisera with the equilibrium and the sequential saturation technique. Under equilibrium conditions the overlap increased: antiserum He 469/VIII detected elevated serum parathyrin concentrations in 80% (by sequential saturation) and in 63% (by equilibrium) of patients with primary hyperparathyroidism. Antiserum A VI 2 showed elevated parathyrin concentrations in 90% of these patients by sequential saturation and in 84% by equilibrium. Therefore, routine assays for parathyrin should be run under conditions of sequential saturation.
Imprecision
Some overlap is produced by the imprecision inherent in radioimmunoassay. The "intra"-assay coefficient of variation (CV) in the steepest part of the standard curve (highest precision) is 6.1 % (n = 22 triplicates of one serum, mean 249 pmol/1, standard deviation 15.1 pmol/1) for antiserum A VI 2. We also determined the "inter"-assay CV and the accuracy. The serum of a patient with surgical hypoparathyroidism, who was treated with vitamin D and calcium, was supplemented with 1-84 bPTH to a concentration of 111 pmol/1. This "control serum 111" was measured in triplicate in 34 different assays (= a period of 34 weeks). A mean of 123 pmol/1 was obtained with a standard deviation of 15.7 and a CV of 12.7%.
Discussion
Many antisera used for the radipiminunQassay of parathyrin are poorly characterized with respect to sequence specificity.
Antiserum A VI 2 This antiserum is regarded as carboxy-terminal in specificity (11) . Using A Vl 2,Bouillon observed no displacement of bovine [
125 I]parathyrin 1-84 in experiments with 1-34 bPTH. Furthermore, he obtained smaller increases of immunoreactive parathyrin in serum with A VI 2 during EDTA-infusion than with antiserum 211/32. He did not report experiments with 1-34 hPTH and 53-84 bPTH. We observe no displacement with 1-34 hPTH and nearly total displacement of tracer with 53-84 bPTH. We therefore conclude that antiserum A VI 2 is entirely carboxy-terminal in specificity. We suggest that there is no reactivity with the medium part of the parathyrin sequence from amino acid residues 35-52. As is reflected by the steepness of the standard curves, the affinity determined according to Scatchard (13) is high in comparison with the other antisera. This antiserum may be used clinically, as nearly complete separation between controls and patients with primary hyperparathyroidism is achieved by measuring parathyrin in alone (11) . We found a high degree of cross reactivity to hPTH or hPTH fragments in serum.
Antiserum Cal
We used the titer of this antiserum which the manufacturer recommends. Therefore, we achieved more binding with antiserum Cal than with other antisera. As far as we could determine, no data concerning sequence specificity of this antiserum exist. We observed no displacement of tracer with different 1-34 peptides and a small displacement with 53-84 bPTH. There may exist some reactivity with that part of the parathyrin molecule corresponding to amino acid residues 35-52. However, while affinity according to Scatchard (13) is high in comparison to the other antisera, this antiserum is of restricted clinical use because there is considerable overlap between controls and patients with primary hyperparathyroidism.
Antiserum Goat 108
This antiserum reacts partly with both the amino-and carboxy-terminal portions of parathyrin. In addition, there may be some reactivity with the portion of the molecule corresponding to amino acid residues 35-52. 1-34 bPTH and 53-84 bPTH are not able to displace bovine [ Affinity according to Scatchard is low in comparison with A VI 2 and Cal. Goat 108 may be used for purification of tracer according to the method ofSchopman (15) or for quality control of the labelled hormone (excess antibody experiments, estimation of maximal binding).
Antiserum He 469/VIII This antiserum is regarded as carboxy-terminal in specificity and its clinical usefulness has been demonstrated by Hehrmann et al. (16) . However, the number of patients they investigated was small (9 patients with primary hyperparathyroidism). In our experiments, we observed no displacement with 1-34 peptides and only a small displacement of tracer with 53-84 bPTH. However, this antiserum was elicited against bovine and porcine parathyrin; consequently our results with the bovine fragments may not reflect the sequence specificity. The affinity determined according to Scatchard is lower than the affinity of A VI 2 or Cal, which is reflected in dose-response curves less steep than with A VI 2 or Cal. While the antiserum may be used clinically, slightly increased serum levels of parathyrin are not detected. Perhaps, by increasing the serum volume from 35 μΐ to 50 or 100 μΐ, better discriminatory power may be achieved. For our radioimmunoassay of parat hyrin we chose a serum volume of 35 μΐ, because nonspecific binding with this small volume was low and the same with all serum samples. Due to insufficient binding, no experiments were performed with antiserum He 478/ II with respect to clinical usefulness. In other laboratories, sufficient binding and discrimination between controls and patients has been achieved with a later bleeding (He 478/VI, personal communication).
Antiserum 211/32
Several experiments have been reported using antiserum 211/32. With 1-34 bPTH, more than 50% of the label is displaced (9, 10, 11, 17) . Furthermore it was shown that circulating immunoreactive parathyrin after parathyroidectomy rapidly decreased (half-life of 10-15 min) using 211/32 (10). As we reported earlier, the initial half life of parathyrin in human plasma after removal of parathyroid adenomas was 10-20 min as measured by the same antiserum. Further results using different 1-34 hPTH peptides have, to our knowledge, not been reported. Woo observed some 10-15% decrease of binding using the 53-84 fragment of bPTH. In our experiments, 1-34 bPTH displaces 60% of labelled 1-84 bPTH, and the 53-84 bPTH fragment displaces 40% of the tracer. We conclude that the mid-portion of the parathyrin-molecule is not recognized by this antiserum. 211/32 is mainly directed towards the ammo-terminal portion of parathyrin.
The structure of the human 1-34 peptide synthesized by the Boston group is nearly as effective as the bovine 1-34 in displacing the bovine [ 125 I]parathyrin 1-84. However, the structure synthesized by Ciba or Beckman is less effective. It is premature to conclude which synthetic peptide most resembles that of man. It is suggested that the 1-34 hPTH Boston is more effective because it is more similar to the bovine structure.
The affinity of antiserum 211/32 determined according to Scatchard is lower than the affinity of antiserum A VI 2 or Cal. Antiserum 211/32 may be used clinically because sufficient separation of controls from patients with primary hyperparathyroidism is achieved. An overlap of controls with primary hyperparathyroidism was also reported by Bouillon (11) , Kleerekooper (10) and Woo (9) . This antiserum is now used by us for localization of parathyroid adenomas by measurement of native parathyrin in samples obtained from venous catheterization of the neck.
Antigens
Obviously there is no problem in eliciting antisera against the different peptides mentioned. With 1-84 bPTH we were able to produce antisera in each of 15 guinea pigs (unpublished results). Using 1-84 bPTH, Arnaud (6) reported the production of antisera of low cross-reactivity to hPTH in most animals. The antisera reported here, which were produced against bPTH (Cal, Goat 108, 211/32) either could not discriminate patients from controls completely (Cal, 211/32) or cross-reacted poorly (Goat 108).
The immunoreactivity of the 1-34 peptides differs markedly from that of the 1-84 peptides. Antisera have been raised successfully against 1-34 hPTH Boston and 1-34 hPTH Ciba (18) . One antiserum ("G 127") elicited against 1-34 hPTH Boston reacted less with 1-84 hPTH than with the 1-34 antigen (19) . This difference in reactivity might be caused by a) an error in the sequence of the 1-34 peptide or b) ammo-terminal conformational changes induced by the amino acids 35-84.
Another antiserum ("G 199"), which was raised against 1-84 bPTH and which reacts mainly with the aminoterminal, did not discriminate between intact hPTH and 1-34 hPTH Boston, whereas 1-34 hPTH Ciba showed little cross reactivity. Our own results obtained with antiserum 211/32 point to the fact that 1-34 hPTH Boston resembles the bovine structure more closely. This 1-34 peptide was much more effective in displacing the bovine [ 125 I]parathyrin 1-84. Our results, like the data reported on antiserum G 199 (19) , would support the 1-34 hPTH Boston structure: antiserum 211/32 recognizes the intact human hormone and the 1-34 hPTH Boston.
The small difference of 3 amino acids between 1-34 hPTH Boston and 1-34 hPTH Ciba alters the immunoreactivity drastically, as reported by Visser et al (18) . These investigators immunized rabbits against 1-34 hPTH Ciba. The antisera of these animals cross-reacted apparently 100-fold less with 1-34 hPTH Boston or 1-84 hPTH than with 1-34 hPTH Ciba.
The serum from sheep immunized with pPTH (He 469/VIII) does not completely separate patients with primary hyperparathyroidism from controls. The -serum of the only animal immunized with hPTH (adenoma extract) discriminates between patients with primary hyperparathyroidism and controls. It has to be noted that our results were obtained from a single serum specimen of patients or controls. In practice, most often two or three samples are analyzed from patients suspected of having primary hyperparathyroidism. As has been shown by Almqvist (14) , this will improve diagnostic accuracy substantially. More than 100 patients with primary hyperparathyroidisrn are now diagnosed by means of the radioimmunoassay for parathyrin with antiserum A VI 2 and serum calcium determination.
It is concluded from these results that a radioimmunoassay for hPTH, employing antiserum against hPTH, human [
125 I]parathyrin (or analogs with certain substituted amino acids for better labelling) and hPTH standards, should be developed in the future. This could further improve the value of parathyrin determination.
